enhance estrogenic activity (25) . In contrast, DIM or its precursor I3C, have been found to inhibit estrogen-induced genes (26) , carcinogen-induced rat mammary tumor formation, as well as the growth of estrogen-dependent tumors in a mouse xenograft model (27, 28, 11) .
In this paper, we report the interplay between DIM and E2 upon the gene expression profile of the E2-responsive breast cancer cell line MCF-7.
MATERIALS AND METHODS

Reagents
17β-Estradiol and dimethyl sulfoxide (DMSO) were purchased from Sigma Chemical (St. Louis, MO, USA). DIM was a gift from Dr. M. Zeligs, BioResponse, Boulder, CO, USA.
Cell Lines and Cultures
The breast cancer cell line MCF-7 was purchased from the American Type Culture Collection (Manassas, VA, USA). All cells were maintained as monolayer cultures at 37°C in 5% CO 2 and were grown in Dulbecco's modified Eagle's medium (DMEM) that contained 4.5 g glucose and bicarbonate/L (GIBCO-BRL, Gaithersburg, MD, USA) supplemented with 110 mg of sodium pyruvate/L, 200 mmol glutamine/L, 100 mL of fetal bovine serum/L, and 100,000 U each of penicillin and streptomycin/L.
Microarray
The experiment was performed on estrogen responsive breast cancer MCF7 cells treated with combinations of DIM and E2 for 16 h. Four different sets of culture conditions were used on 1 × 10 5 MCF7 cells, and the cultures were done in triplicate. Cells grown in culture supplemented with 1 nM E2, cells supplemented with 25 μM DIM, and cells supplemented with 1 nM E2 and 25 μM DIM combination. As E2 and DIM were solubilized with DMSO, it served as vehicle control.
Microarray profiling
Total RNA was prepared from MCF-7 cells treated in the 4 culture conditions using the Qiagen RNeasy Kit according to manufacturer's instructions (Qiagen, Valencia, CA, USA). Total RNA quality was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and the 260/280 ratio was determined using the BioSpec-1601 Spectrophotometer (Shimadzu, Columbia, MD, USA). cDNA and cRNA were processed following the Ambion message AMP cRNA kit (Ambion, Austin, TX, USA) employing a T-7oligo-dT primer according to the manufacturer's instructions. Biotinylated 16-UTP (Roche-Boehringer-Mannheim, Palo Alto, USA) and 11-CTP (Perkin Elmer, Wellesley, MA, USA) were used during the in vitro transcription process, and the cRNA was fragmented and hybridized to Affymetrix Human Genome U133A chips (Affymetrix, Santa Clara, CA, USA), which contains over 20,000 known genes. The hybridized chips were stained with phycoerythrinstreptavidin and washed to remove nonspecific signal according to the Affymetrix protocol. The chips were scanned using a laser confocal scanner manufactured by Hewlett Packard. The expression levels were calculated by Affymetrix's Microarray Suite 5.0, and the overall intensity values were all scaled to the same value, 1500.
Statistical Analysis
Microarray data analysis with Genespring (Agilent Technologies) was done by importing Affymetrix MAS5.0 data. Principle component analysis with the different treatment types indicated two predominant patterns showing additive up-and down-regulation of genes in cells treated with E2 + DIM (E + D) compared with E2 or DIM alone. Genes of these two expression patterns were filtered on flags and on confidence with a P value of less than 0.05. This list was further filtered with a fold change cut off of 1.5 for E + D group for both up-and down-regulation. This gave a final list of 32 additively up-regulated genes and 46 additively down-regulated genes for E + D group. Important genes from these two lists were confirmed by quantitative polymerase chain reaction (QPCR).
Pathway Analysis
Pathway analysis was conducted using Pathway Studio Central version 1.1 (Ariadne Genomics, MD, USA). We imported the Genespring list of up-or down-regulated genes to initiate database mining. The software retrieves the most relevant networks that are differentially perturbed in a disease or provides insights into the common regulatory mechanisms of the set of genes. The networks are graphically displayed and allow validation by referral to the original abstracts or articles the facts were drawn from. The database can be queried for all known interaction or pathways that involve a specific protein or target molecules as well as for common relationships among a group of proteins. The software uses ResNet, a comprehensive molecular network database compiled by MedScan containing more than 500,000 events of regulation, interaction, and modification among thousands of proteins, cell processes, and small molecules. This is displayed as a global network of molecular interactions with pathways being sub-networks. This allows the building of individual as well as interplays among pathways.
Quantitative real time (RT)-PCR
RT-PCR was performed using TaqMan chemistry. TaqMan primers and probes were designed using Primer Express software version 1.5 (Applied Biosystems, Foster City, CA, USA) and synthesized at Feinstein Institute core facility. The probes were labeled with FAM at the 5′ end and TAMRA at the 3′ end. The relative expression of the various genes was determined using the Eurogentec RTqPCR mastermix (Eurogentec, Belgium) and ABI PRISM 7700 Sequence Detection System. The PCR mix contained 1 X master mix and 0.125 μL of Euroscript + RT and Rnase Inhibitor (RT-0.125 U/μL and Rnase Inhibitor 0.05 U/μL). Optimal concentrations of primers, probes, and the RNA were standardized. The final concentrations of forward and reverse primers and probes for PGDH, LDLR, CXCR4, and IFIP were 500 nm and 200 nm, respectively. The concentration of B-actin primers and probe, served as the internal housekeeping gene control were 500 nm and 100 nm, respectively. Fifty nanograms of total RNA were used per 25 μL reaction with all samples run in duplicate. The thermal cycler conditions were 48°C for 30 min, 95°C for 10 min, and 45 cycles of 95°C for 0.15 min, and 60°C for 1 min. Data was analyzed using Sequence Detection System (SDS) software version 1.9.1. Results were obtained as Ct (threshold cycle) values. Ct is inversely proportional to the starting template copy number. Relative expression in all samples was calculated in comparison with untreated control samples using delta delta Ct method. Results were expressed as change with respect to the experimental control. 
Primers and Probes
RESULTS
Microarray Analysis of Cell Lines
MAS5 analysis. We were interested in genes whose expression was modulated by treatment with E2 and DIM when compared with control treatment with DMSO. A list of genes was compiled, and these same genes were examined for additive increases or decreases in expression levels (fold changes) when E2 and DIM were used in combination. We found four different sets of gene lists: (a) genes changed by E2, but not by DIM or the combination; (b) genes changed by DIM but not by E2 or the combination; (c) genes changed by E2 or DIM and the expression of the genes were enhanced by the combination of both E2 and DIM; (d) genes modulated by E2 or DIM and the expression dampened by the combined effect. We have focused on genes where we found additive effects when E2 and DIM were present together in the same culture, as in sets three and four (data not shown).
We analyzed gene expression profiles from three replicates in which MCF-7 cells were treated for 16 h with concentrations of E2 (1 nM) or DIM (25 μM) or the combination of both E2 and DIM. We imported our data as a tab-delimited file into GeneSpring software, where we were able to filter for genes of interest, i.e., genes whose expression reflected interplay of E2 and DIM.
Genes Significantly Up-or Down-regulated by Treatment with E2 and DIM but Not E2 or DIM Alone Table 1 is a list of genes whose expression was significantly increased in the E2 + DIM combination when compared with the DMSO control, but not significantly changed in E2 or DIM alone when compared with the DMSO control. The up-regulated genes were 32 in number, and the fold change ranged from 3.93 for NM_000104, Cytochrome P450, CYP1B1 to 1.5 for AF070587.1 deleted in liver cancer 1. The genes whose expression were significantly decreased by the combination of E2 + DIM but not by E2 or DIM alone are shown in Table 2 . We identified 46 down-regulated genes whose fold changes ranged from 2.21 for NM_006156 NEL to about 2 to 1.5 for NM_015950 mitochondrial ribosomal protein L2.
Increased Gene Expression by Combination Treatment with E2 + DIM or Inhibition by E2 + DIM Confirmation by Quantitative Real Time-Reverse Transcriptase PCR (Q-RT-PCR)
We selected genes of interest from the microarray data that were highly expressed or suppressed in the E2 + DIM combination and showed a minor or no change in the E2 or DIM only samples. We have confirmed these microarray results by Q-RT-PCR analysis with an aliquot of the RNA extracted from the MCF7 cells treated under four experimental conditions (DMSO [control], E2 [1 μM] alone, DIM [25 μM] alone, or the combination of E2 and DIM) and used in the processing for the microarray analysis. We selected six genes that showed increased expression with the combined treatment of E2 and DIM: CYP1A1, CYP1B1, PGDH, AS, P8, Caldesmon, and SCD. We also looked at three genes that demonstrated decreased expression when treated with the combination of E2 and DIM, CXCR4, TGFb-1, and BCLL-6. All genes chosen from the microarray experiment and subsequently confirmed by QPCR were analyzed for correlation between the two gene expression technologies. The correlation coefficient is shown in each figure for comparison. The results of this analysis are shown in Figure 1 .
Pathway analysis
We imported our Genespring lists of additively up-regulated genes in cells treated with a combination of DIM and E2 into
PathwayStudio. We sought to analyze the relationships and biological interactions among the up-regulated genes identified by combination treatment. Figure two displays the pathways retrieved from the PathwayStudio software when we put in three of our up-regulated genes.
In a like manner, we also analyzed the common regulators and/or biological interactions among our incrementally suppressed or down-regulated genes by querying the relationships between several of the genes showing the most significantly diminished gene expression, data not shown.
DISCUSSION
These results indicate that there are a subset of genes in MCF7 whose expression can be modulated by the combination of E2 and DIM. The expression of 32 genes was significantly up-regulated or enhanced by combination treatment with E2 and DIM. Expression of 46 genes was down-regulated by the combination of E2 and DIM in the MCF7 cultures. The subset of genes analyzed by QRT-PCR confirmed the results of microarray profiling. Clearly, the expression of many genes is interdependent on both E2 and DIM in cells that respond to estrogen. In general, the effect of the combination treatment of E2 and DIM on MCF7 cells was antagonistic, reflected in the greater number of down-regulated genes observed in our microarray analysis. This finding is consistent with previous reports that showed interactions that were primarily inhibitory in studies both in vitro and in vivo (27, 28) . Many of the changes are subtle, but show an effect over a wide variety of affected genes, including transcription factors as well as numerous metabolic gene products whose expression is diminished in comparison to the findings of treatment with E2, or for that matter DIM alone. Where the changes in gene expression are modest, it is important to note that, while in- triguing, these gene modulations are only possibilities and will need additional studies to determine whether or not they significantly impact the behavior of the cell culture. Previous studies by Chen et al. (26) using subtractive hybridization indicated that DIM could decrease the expression of a number of genes up-regulated by E2 and hypothesized cross-talk between AhR and ER. Our studies support these findings, but additionally showed that expression of a number of genes up-regulated in the presence of 25 μM DIM could be modulated in the presence of 1 nM E2, with expression either dampened by E2 or enhanced by E2. Alternately, some genes whose expression was upregulated by E2 could be further enhanced by DIM. Finally, the expression of some genes was only detectable when the cells were exposed to the combination of E2 and DIM. These observations dramatically increase the complexity of the interplay by E2 and DIM and how they might affect the microenvironment of a cell. The study raises questions as to imbalances of the relative amount of these compounds. It is clear that the risk of breast cancer is inversely proportional to the amount of cruciferous vegetables in diet (the natural source of DIM) (29) , and that more estrogen increases risk of breast cancer (30) . Relative amounts of these compounds in combination may prove crucial to the protective or preventative benefits of DIM (or cruciferous vegetables).
As one example, DIM induces the expression of CYP1A1 and CYP1B1 members of the P450 superfamily. This study indicated that a further enhancement of expression of these genes occurred in the presence of E2. CYP1A1, a phase I enzyme, can be the first step in the detoxification of number of carcinogens. Conversely, it is known to convert many procarcinogens to carcinogens. Importantly, CYP1A1 increases 2-hydroxylation of estrone leading to 2-hydroxyestrone (not estrogenic), and which is rapidly D 1 3 ( 1 -2 ) 6 9 -7 8 , J A N U A R Y -F O-methylated into compounds that are anti-proliferative, pro-apototic, and antiangiogenic. However, induction of CYP-1B1 shifts metabolism toward 4-hydroxyestrone, which can be carcinogenic. An imbalance of estrogen metabolism is indicated in breast (31), cervical (32) , and endometrial (unpublished results) cancers, which are all estrogenenhanced cancers where I3C and DIM appear to be preventative. Systemic lupus erythematosis and rheumatoid arthritis, diseases predominantly affecting women, also have abnormal estrogen metabolism (33) . An animal study indicated that a diet rich in I3C ameliorated the lupus disease and changed estrogen metabolism (34) .
R E S E A R C H A R T I C L E M O L M E
An interesting aspect of altered estrogen metabolism is found in the upregulation of aldo-keto reductase family 1, member 3 (AKR1C3), an isomer of the AKR superfamily that is found most prominently in prostate and mammary glands, in samples treated with the combination of E2 and DIM. This enzyme has the ability to interconvert testosterone with 4-androstene-3-17-dione but inactivate 5a-DHT and, therefore, eliminate active androgens from the prostate. In the mammary gland, AKR1C3 may function predominantly as a reductase to produce testosterone from 4-androstene-3-17-dione in an intracrine manner and to reduce estrone to estradiol (35) . Recently, it has been shown that levels of these steroid-metabolizing genes are diagnostic of tumor versus normal breast tissue (36) . Levels of AKR1C3 are reduced in tumor versus normal tissue, which reflect our findings in E2 treatment alone compared with treatment with both E2 and DIM. The induction of this gene, which has been correlated well with its enzyme activity, suggests a rebalancing to normal steroid-metabolism homeostasis.
One can predict numerous effects of how genes affected by DIM and E2 change the microenvironment of a cell. For instance, the DEAD box polypeptide 4 is a member of a family of genes characterized by the conserved motif AspGlu-Ala-Asp (DEAD). These proteins are putative RNA helicases that mediate nucleoside triphosphate-dependent unwinding of double-stranded RNA. They are thought to be involved in a variety of cellular processes that involve modification of RNA secondary structure, i.e., translation initiation, nuclear and mitochondrial splicing, ribosome and spliceosome assembly. Members of this family are alleged to be involved in embryogenesis, spermatogenesis, and cellular growth and division.
It is of interest that the combination of DIM and E2 leads to a decrease in expression of genes such as Bcl-6, a zinc finger nuclear phosphoprotein, normally expressed in the germinal center B cells and some intrafollicular T cells. This gene codes for a DNA-binding transcriptional repressor that exerts an important role in the development of normal germinal centers. Its constitutive expression has been associated with suppression of p53 expression as well as phenotypic changes in germinal center cells by affecting differentiation and/or apoptosis. Mature germinal center B cells that leave the germinal center environment generally down-regulate Bcl-6 expression. A block in normal down-regulation of Bcl-6 has been postulated to cause genetic instability in the germinal center cells, and subsequently leads to neoplastic transformation (37) . Additionally the down regulation of Bcl3 in cells treated in combination with E2 and DIM disrupts a signaling pattern observed in MCF7 cell (38) where Bcl3 complexes with phosphorylated Bcl10 and translocates to the nucleus, where it alters transcription.
The mixture of E2 and DIM treatment dampens the expression of cytoplasmic FMR1 interacting protein 2, which associates with FMRP (Fragile X mental retardation protein) as well as FMRP-related proteins FXRIP and FXR2P. The protein is cytoplasmically colocalized with FMRP and ribosomes, and is thought to interact with RAC1. RAC1 is a small GTPase that stimulates actin polymerization toward lamellopodia formation, whose overexpression in tumor cells has been associated with invasion and metastasis in human tumor cells (39, 40) .
Intriguingly, CXCR4 is also downregulated by the combination treatment with E2 and DIM. CXCR4 appears to be necessary for breast cancer metastasis (41) . This interesting gene was significantly suppressed in one gene list (data not shown), but not in the other, yet bears mention. CXCR4, a cytokine, is the cognate receptor for stromal cell derived factor 1, and the expression of this complex in breast cancer cells is associated with significant increases in invasiveness and faster migration of these cells to the lymph nodes (42) . Silencing CXCR4 gene expression with siRNA blocks in vitro invasion and in vivo metastasis of breast cancer cells in animal models (41, 43) . Also of note is the down-regulation of CCR4-NOT complex 3 in the presence of both E2 and DIM, suggesting a suppressive effect on global transcription through regulation of transcription factor TFIID. As a master switch, dampening the expression of this factor would result in myriad gene effects both positive and negative (44) .
Many of the noted gene changes and effects are subtle in form, with regulation modulated rather than radically altered. These findings suggest interesting perturbations in a biological system in the presence of physiologic concentrations of hormone and low concentrations of bioactive chemicals present in the environment. As much of the effects of DIM and E2 shift metabolism toward a proapoptotic, moderated, proliferative state, our results are consistent with DIM offering an effective preventive adjuvant in a healthy nutritional regime.
We have examined the overlap between lists of genes identified by each of the analysis programs. Using MAS5 and dChip (45, 46) , we identified 17 genes whose expression was increased or upregulated when the cells were treated with a combination of E2 + DIM. This is in comparison to 32 genes that were identified using our filtering criterion with GeneSpring. Between these two groups, there are six genes that are found on both lists. The six overlapping genes are among the largest fold changes on the dChip list while they are found throughout the list with GeneSpring. However, the list does completely overlap with the clustering data identifying enhanced gene expression when treated with the combination of E2 + DIM (data not shown). In a similar manner, we identified 14 genes whose expression was suppressed or inhibited by treatment with E2 + DIM using dChip and the same filtering criterion as for gene induction, contrasted with 46 genes identified with GeneSpring. Between these two groups were six genes in common.
The pathway analysis is consistent with our in vitro observations as well as our expression analysis of treatment of MCF7 cells with E2 or DIM or both. Among the up-regulated gene pathway we found interrelated cell processes, which contain other genes found in our up-regulated list but not included in our query, such as nuclear receptors, cyclin dependent kinase inhibitor, and dicer (a ribonuclease essential for RNA interference of small temporal RNA pathways which represses gene expression). These genes are in keeping with a program focused on increasing cell differentiation, through cytoskeletal development and assembly, detection of DNA damage and cell cycle arrest, as well as apoptosis, post translation, and gene silencing. These results suggest there may be common regulators or signal transduction pathways among these genes.
When we examined cell systems affected by the expression of BCL-6 and TGF-b, the expression of both is downregulated in treatment of cells with E2 and DIM, we find a multitude of processes that are common targets of these molecules but not necessarily overlapping in their modulation. In fact, there are almost an equal number of processes, which are coordinately regulated by these genes as those that receive opposite and antagonistic signals from these powerful molecules. The net result may be due to the relative concentrations of each protein.
We noted common regulators between TGF-b and BCL6. These include MAPK1 and 3, ABL-1, FOXO 3a (belonging to the forkhead family of transcription factors, which may function as a trigger for apoptosis), tumor suppressor gene EP300, a cyclin D-related transcription factor, as well as cyclin D itself. In many ways, the paradoxical effects of the regulated genes we found with the E2 + DIM-treated cells mirror the complicated physiologic findings of estrogens and exposure to toxins such as TCDD and dioxin.
Joint effects of DIM and E2 are complicated. One possibility is coordinate gene regulation due to the binding of DIM to its cognate AhR receptor as well as unliganded ER complex. The binding of AhR/ARNT complex to its response elements functions as a cis-acting enhancer in the regulatory domains of its target genes, a representative group identified as the AhR gene battery (47) . The presence of proximal regulatory elements to AhR binding sites within discrete chromosomal locals suggests a mechanism by which this complex can activate a number of other transcription factors (not AhR targets) and clusters of genes as a secondary effect of binding (48) . The juxtaposition of ligands dependent AhR-ER binding may have a concerted effect on the activation of additional transcription factors with both induction as well as repression of gene expression. The concentration of receptors as well as the concentration of DIM and E2 would matter and determine how much E2 or DIM bind to their cognate receptors (DIM binding to AhR and E2 binding to ERs) or compete for binding to the opposing receptors.
This work focused on the combined activity of E2 and DIM on gene expression, i.e., how the combination would be different than individual effects. It is well established that most activities of I3C and DIM are not related to estrogen per se. Nonetheless, this study confirms that there is a strong interplay of estrogen and DIM, which is reflected in gene expression changes when both compounds are present. Note added in proof: A recent paper by Liu et al. (49) showed AhR agonists directly activate ERa in MCF-7 breast cancer cells.
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